Introduction
An important concern of blood establishments is the supply of suitable blood units for carriers of irregular red blood cell (RBC) antibodies. In general, the clinical supply of fitting RBC units for most patients with RBC alloantibodies is adequate. In patients with clinically significant antibodies to highfrequency antigens (HFAs; antigen prevalence > 99%) the blood supply can be more critical. It was shown that one third of these patients do not get sufficient numbers of blood units in time [1] . For provision of compatible blood for these cases, blood establishments or organizations apply different proprietary typing programs and are interconnected with national and international donor panels and panels of frozen blood. The definition of rare blood or a rare donor has not yet been harmonized. In most countries a blood donor is considered as rare if the phenotype that is lacking can be found in a population in 1:1,000 or less [2] . However, this frequency is an approximate value as the in-time supply of antigen-negative units of higher prevalence (e.g. k-1:500) can also be a challenge. Besides lacking an HFA, a second category of rare donors or phenotypes is negativity in a combination of antigens for the blood supply of patients with multiple alloantibody specificities (often involving Rh antigens).
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Summary
The provision of suitable blood units for patients carrying clinically significant antibodies to high-frequency antigens (HFAs) is a special challenge for blood establishments. Typing of donors and screening for HFA-negative individuals is increasingly performed by genotyping. In this context the selection of the HFAs of interest, the molecular background of some model antigens, and the different requirements for donor screening versus resolving serological problems are addressed. In addition, several published approaches for mass-scale donor genotyping are reviewed. Furthermore, the results of a DNA-based donor screening for 12 HFAs in 11,400 Austrian donors that resulted in finding 94 newly identified HFA-negative donors are referred to. The importance of certain HFAs for the provision of patients depends on the rate to induce alloimmunization, their prevalence in a discrete population, and the clinical significance of the alloantibody. As the allele distribution can differ widely in some populations, there are special needs in different regions of the world. For example, the data of the rare blood supplied in France during a 14-year period from 1994 to 2008 showed demand for: Fy(a-b-) (26.1%), k-(19.4%), Yt(a-) (12.7%), r'r' (9.1%), U-(7.0%), Vel-(5.6%), r'r' (3.5%), Lu(b-) (3.2%), D--(1.1%), Lu:-13 (0.9%), Js(b-) (0.9%), Kp(b-) (0.9%), R z R z (0.7%), I-(0.5%), O h (0.4%) and Ge: -2.3 (0.3%) [2] . Nevertheless, there were shortages in availability for the provision of some types specifically found in the African-Caribbean population (U-D-, hr . These exemplary data represent the regional aspect in the need for rare blood and indicate that screening for the 'most needed' rare blood groups differs from region to region. In an international comparative survey it was concluded that in general K 0 , McLeod, p, U-, Lan-, Vel-, and Ge:-2,-3 are probably the most difficult phenotypes to find [2] .
Schlüsselwörter
To ensure the appropriate blood supply for patients with RBC antibodies, blood centers commonly phenotype a subset of their repeated donors, beside the ABO, Rh phenotype and K antigen, also for a lager set of 'minor' RBC antigens and especially for negativity in some important HFAs. A sufficient stock of pre-typed donors in the databases enables a short response time for the provision of the blood units requested and prevents acute on-demand typing with an unpredictable hit rate.
Carrying out additional typing procedures is costly and time-consuming. Besides, serological methods are limited by the availability of reagents or antisera and their quality (e.g. . Especially for screening of many HFAs, blood centers often have to use patients' sera to identify antigen-negative donors. If available, regulated reagents are used for confirmation of the screening test results.
As an alternative to conventional phenotyping, a vast number of DNA-based assays, which are feasible for highthroughput RBC donor typing, was established during the last years.
Genotyping of RBC Antigens
Today most of RBC antigen polymorphisms are known on allelic level. The information can be obtained by dbRBC www. ncbi.nlm.nih.gov/gv/mhc/xslcgi.cgi?cmd = bgmut/home [3] .
This has enabled the development of DNA-based molecular biology assays for determination of the corresponding antigen phenotype.
The decision for a certain assay or technical platform and the feasibility of genotyping and correctness of the results may be influenced by the following factors: -primary goal and special requirements the application was chosen for, -genetic complexity at a locus and number of alleles or genotypes that should be detected by the assay, -level of knowledge about alleles involved and distribution in certain populations, -technical aspects regarding feasibility of primer/probe binding site selection and their specificity. Choosing a suitable method and awareness of its limitations will allow acceptable accuracy of the test results, especially if applied for common alleles and well-examined ethnic populations. It has to be taken into consideration that many unknown alleles are found every year or that, for example, genes can easily be disrupted by mutations (e.g. frame shift), almost regardless of the position in the exons of the genes, giving rise to yet unknown causes of null types.
Therefore, each application has special requirements depending on the primary intention of the test: resolving serological discrepancies in the Rh system [4] [5] [6] the most complex system involving 2 homologous genes and almost 200 known alleles, requires much more effort and a different approach than, for example, simply screening for alleles in an apparently biallelic single nucleotide polymorphism (SNP) situation (e.g. Yt a /Yt b ). For the screening of HFA-negative blood donors, focusing on the most frequent alleles can be satisfactory. Every newly identified HFA-negative donor will subsequently undergo serological confirmation testing. Rare causes for HFA antigen negativity (e.g. null type) do not necessarily have to be included in the examination. In this respect donor genotyping for the most common causes of negativity in the HFAs (k, Kp ). Single nucleotide exchanges in the genes either cause immunogenic amino acid substitutions in proteins that directly define the blood groups or they can affect the specificity or function of a glycosyltransferase. In this case the antigenicity results from variant glycosylation (such as the ABO or globoside antigens). Some others polymorphisms are caused by small insertions or deletions (e.g. ABO O1 allele). Several different types of genetic variations have contributed to the complexity in the RH system. A deletion of the whole RHD gene is the common cause for the RhD-negative phenotype in Caucasians while the latter or a RhD pseudogene can be found in the African population. Single nucleotide polymorphisms code for various Rh antigens (C/c, E/e, Cw/Cx/MAR, etc.). Other phenotypes originate by missense mutations, nonsense mutations, deletion, and many RHD-RHCE-hybrid gene formations (e.g. DVI, DHAR, DBT). Modified gene expression can be caused by splice site mutations at the exon-intron junction (some Del). Null types of different blood group systems can also be based on diverse mechanisms. Often the gene is disrupted by a mutation (e.g. frame shift caused by base insertion or deletion) within the exons. A different mechanism is the silencing mutation in the FY promoter GATA motif -33C [15] . Another special reason for a Lu(a-b-) (dominant type) is an inhibitory gene In(LU) that is silencing the LU expression. And beside this dominant In(LU) type two other causes (X-linked type and the recessive amorphous type) for the rare Lu(a-b-) phenotype are known [16] [17] [18] [19] .
Not 
Molecular Basis of Some Model High Prevalence Genotypes

RH
The RH system is genetically the most complex blood group system [4] [5] [6] 14] . It is only comparable to the MNS system. It consists of two closely linked homologous genes (RHD, RHCE) at the RH locus in an arrangement that promotes genetic recombination and constitution of new antigens. 149 RHD alleles and 45 RHCE alleles have been reported so far. As mentioned above, a variety of genetic mechanisms is involved in the formation of RH alleles. There is a third homologous gene (RHAG) located on a different chromosome. It is coding for the Rh-associated glycoprotein (RhAG). Aberrant expression of RhAG on the cell surface is one cause for Rh null (regulator type) or Rh mod phenotypes.
As rare HFA negative donors (Rh null and rare Rh phenotypes) are identified by routine serology, genotyping for this application is mandatory.
MNS
The MNS system consists of 46 antigens. Except for M, N, S, s, He and the high prevalence antigens U and several 'EN' antigens (EN = 'envelope'; e.g. En a , ENEP), the majority of MNS antigens are low-prevalence antigens with a frequency of less than 1% in most populations [5, 14] . The genomic back- Jungbauer ground of the MNS system is based on three genes in a gene cluster (GYPA, GYPB, and GYPE) sharing high homology in their sequence. GYPA is coding for glycophorin A (GPA), where the antigens M and N are located. The gene product of GYPB is glycophorin B (GPB) carrying the antigens S and s. GYPE does not appear to be expressed on the normal RBC membrane, but is involved in gene rearrangements as cause of some variant (hybrid) alleles. Antigens can be based on SNPs (e.g. S/s), hybrid genes, or deletions. A deletion of GYPB (exon 2 to 6) and GYPE (exon 1) results in the rare U-phenotype [20] .
KEL and XK
The Kell glycoprotein is expressing 31 antigens, including several high-prevalence antigens such as k, Kp b , Js b or Ku (which is absent in K 0 people) [5, 21] . All KEL antigens rely on SNPs in the KEL gene. Kell protein expression can be either weakened as K mod phenotype or is completely absent in K 0 individuals [22] [23] [24] . (17 K 0 alleles caused by e.g. premature stop codons, splice site mutations, or nucleotide substitutions have been described so far). Normal Kell protein expression depends on the integrity of the XK-KEL protein complex. Absence of Kx, the public antigen on the XK protein, due to lack or mutation of the XK protein results in an attenuation of the KEL antigens, a McLeod phenotype.
FY
The very few patients with alloanti-Fy3 require Fy(a-b-) blood. Fy(a-b-) phenotypes can be caused by a silencing mutation in the erythroid FY gene promoter (GATA box -33 T>C) [15, 25] . The Duffy glycoprotein is the receptor for some malarial parasites, and due to selective pressure this null type is frequent in the African population. Nevertheless, in this case usually Fy b is expressed in other tissues. Other rare causes for this phenotype that, in contrast to the GATA -33C mutation, allow alloimmunization to FY3 are based on different molecular mechanisms such as the creation of stop codons (due to single nucleotide mutations or a deletion in exon 2).
H H-deficient phenotypes are caused by mutations that disrupt the fucosyl-transferase 1 (FUT1) or the GDP-fucose transporter gene [5] . Two phenotypes are H-deficient: O h (Bombay) and Para-Bombay. Bombay people have an additional function loss of the FUT2 (non-secretor, se) gene product. In Para-Bombay there can either be the reduction or the total loss of H expression depending on the genotype. So far 40 alleles have been found to code for H-deficient phenotypes.
GLOB
The p phenotype (null type of the globoside blood group system) can be caused by a variety of mutations in the alpha 1,4 galactosyl transferase gene (A4GALT) [26] [27] [28] . The genetic background of the P1 and P2 phenotype could not be completely clarified so far [29] .
Genotyping of 11,418 Blood Donors for Twelve HFA
The Austrian Red Cross Vienna Blood Center has been genotyped 11,418 donors with an in-house PCR assay using sequence-specific primers for 36 RBC antigens, also including 12 HFAs. The results of this HFA screening subproject are described below. The entire technical protocol of the multiplex PCR screening for 36 genotypes will be published separately.
With regard to cost efficiency we decided to use a conventional PCR assay consisting of six reaction mixes for all 36 genotypes for one donor and up to seven genotypes multiplexed per reaction mix. Detection of PCR products was performed with agarose gel electrophoresis.
To enable high-throughput testing, the test system was end-to-end implemented in 96-well microplate format. The HFA genotypes included in the assay were:
. 'FY' in this respect is only limited to the absence of the FY0 erythroid promoter silencing (GATA -33C) allele.
Material and Methods
For genomic DNA extraction EDTA-anticoagulated blood samples of donors where obtained consecutively to the routine testing and consistent with our institute's guidelines. Genomic DNA extraction was performed using a Tecan RSP150 platform (Tecan, Männedorf, Switzerland) and QIAamp DNA Blood BioRobot 9604 Kit (Qiagen, Hilden, Germany).
For evaluation of the multiplex PCR assay for the included HFAs as many as available control blood or DNA samples were obtained and included in the validation process (e.g. 99 KEL2-negative samples). Typing standard was phenotyping with regulated reagents (if they were distributable).
The multiplex PCR assay is organized in six reaction mixes for a single blood donor containing 5-7 primer pairs (e.g. KEL2-PCR: KEL2-578C-r2 CTCATCAGAAGTCTCAGCG, KEL-i5-f1 CTAGAGGGTGGGTCT-TCTTCC). The PCR products range from 209 to 713 bp. Primer mix number six, for example, consists of the PCRs for FY2 (product size: 712 bp), KEL3 (625 bp), JK2 (529 bp), MNS3 (397 bp), KEL2 (321 bp), MNS2 (260 bp), and DO2 (209 bp). Every primer mix contains at least one high-frequency genotype which is also used as an internal amplification control. The oligonucleotide mixes were aliquoted in ready-to-use concentrations on 96-well PCR reaction plates and were stored at -20 °C.
The PCR reaction was performed using GoTaq kit (Promega, Mannheim, Germany). Each reaction tube contained 0.75 U Taq, 3 µl of 5× PCR buffer, 2.5 µl of 25 mmol/l MgCl 2 solution (4.17 nmol/µl), 0.33 mmol/l deoxynucleoside triphosphates (Applichem, Darmstadt, Germany), oligonucleotide primers, and 35 µg of gDNA to a final reaction volume of 15 µl.
A GeneAmp ® PCR System 9700 (Applied Biosystems) was used for the PCR.
The temperature profile started with 5 min at 94 °C followed by six cycles at 94 °C for 30 s, 67 °C for 40 s (touch down for 0.5 °C per cycle) and 72 °C for 50 s. Subsequently 27 cycles at 94 °C for 30 s, 64 °C for 40 s and 72 °C for 50 s were added. The protocol ended with a final step at 72 °C for 2 min.
Agarose Gel Electrophoresis
The PCR products were analyzed on 1.5% agarose gels. 
Results
The multiplex PCR screening of 11,418 blood donors revealed 94 newly identified individuals lacking a high-prevalence antigen (table 2). All HFA-negative results were confirmed by serological tests (except for LU:-8 were no reagents were available). In 0.0014% of the amplificates the bands' fluorescence signal strength or the signal of the amplification control was not clearly determinable, and so the whole test including DNA extraction had to be repeated.
We also noticed a difference in allele distribution among blood donors and patients due to ethnic background. While only 37 out of 11,418 blood donors were heterozygous for the FY GATA -33C allele and no one homozygous, we found the allele with a 20-fold higher frequency in our patient population. This could indicate that people of African origin are underrepresented in our donor population maybe due to exclusion of donors with an endemic malaria risk. As mentioned above, individuals with FY0 due to promoter silencing mutation do not form anti-Fy3 but rising of these alleles indicates that we also have to anticipate alloantibodies to rare blood types like U or KEL7 in the future.
Discussion
Many publications demonstrate that high-throughput donor genotyping for most relevant RBC antigens is feasible. Depending on the number of alleles that have to be tested, different technical platforms are suitable. It is entirely conceivable that in future mass genotyping of donors and patients will be performed with test systems detecting most of the known alleles in one procedure. Currently, technical platforms for this issue are microarray assays where thousands of alleles can be integrated. At the moment these tests are still quite expensive, and it has to be considered if the (comparably high) costs justify the additional information benefit in all applications (e.g. donor typing). With regard to cost efficiency, the Vienna Blood Center decided to screen for HFA-negative donors by conventional multiplex PCR.
The Vienna Blood Center had a lack of donors pre-typed for 'minor' RBC antigens for patients with RBC antibodies. Provision of suitable blood units caused acute typing efforts at unfavorable rates. Besides that, we noticed that the supply of antigen-negative blood units for 2% of the blood recipients caused approximately 20% of the overall costs of donor immunohematology. To decrease the rate of serological screening at the time of request, we were looking for a cost-efficient alternative to pre-type donors. Our calculations revealed that donor antigen typing by DNA screening in our setting was by far the cheapest method to add typing results to our antigen database.
Accuracy of genotyping results relies on genetic (e.g. complexity of the gene, gene expression or its suppression), technical (e.g. number of alleles involved, homologous genes, repetitive motives, suitable primer binding site), and knowledge-based (e.g. less investigated populations, allele prevalence) factors.
This has to be combined with the special assert for the DNA-based application. Does the situation require that the assay covers rare alleles, null types and splice-site mutations, or is focusing on a few SNPs satisfactory in this case? However, in donor screening antigens that are falsely typed as positive will not affect transfusion safety. Furthermore, antigens that were genetically predicted to be negative should always be confirmed using regulated serological reagents. Commonly two valid tests that have to be CE (Conformité Européenne) marked have to be applied.
With an increasing number of centers that routinely use molecular genetic technology for RBC typing, external quality assurance approaches are being required. The International Society of Blood Transfusion (ISBT) and the International Council for Standardization in Haematology (ICSH) organized international workshops on molecular blood genotyping [30] . A conclusion of the report points out that more standardization in nomenclature and in the usage of controls should be aimed at.
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